Background Human ageing is a process characterized by loss of muscle mass, strength, and bone mass. We aimed to examine the efficacy of low-dose creatine supplementation associated with resistance training on lean mass, strength, and bone mass in the elderly.
Introduction
In the last few years, demographic transition has drastically changed population growth rates across geographies. This phenomenon has been driven by decreased birth rates and increased life expectancy. In 2010, there were, approximately 524 million people aged over 65 years, representing 8% of the world population. It is estimated to triple by 2050, reaching about 1.5 billion people or 16% of the world population. Between 2010 and 2050, the number of the elderly will increase by 250% in the developed countries when compared with 71% in the lesser developed ones. 1 In 2014, the Brazilian Institute of Geography and Statistics announced that the elderly population would quadruple by 2060, which in turn would represent 26.7% of the Brazilian population. 2 Human ageing is an irreversible and inexorable process characterized by morphological, functional, and biochemical changes in the human body, including the musculoskeletal system. This system gradually modifies and acquires specific structural and morphological characteristics, which mainly include loss of muscle mass, strength, and bone mass. 3 Sarcopenia, a syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength, currently affects over 50 million people and for the next 40 years could affect more than 200 million people worldwide. This condition increases the risk of adverse outcomes such as physical disability, poor quality of life, and death. 4 Therefore, because of the huge impact caused by ageing on health and quality of life of the elderly, various strategies have been proposed to attenuate the progression of muscle mass, strength, and bone mass losses. Among these strategies, creatine supplementation and resistance training stand out.
Creatine (α-methyl guanidine-acetic acid), a guanidinederived compound, is a natural amine endogenously synthesized by the liver, kidney, and pancreas from the amino acids arginine, glycine, and methionine, or consumed in the diet from red meat, seafood, and dairy products. 5 Creatine plays an important role in providing rapid energy and is also known to be utilized by the brain to boost mental performance. It is stored mostly in the skeletal muscles (90%) as phosphocreatine, a high-energy phosphate involved in the rapid resynthesis of adenosine triphosphate during muscle contraction. Muscle and bone tissues demand high-energy levels to initiate rapid movement and particularly benefit from creatine supplementation. 6 Rawson et al. 7 showed that creatine supplementation increased intramuscular creatine and phosphorylcreatine content in the elderly. This augmented storage may lead to enhanced mitochondrial energy provision. Therefore, when associated with resistance training, training volume is increased, thereby enhancing strength and muscle mass. 8 Besides that, increased muscle mass may result in greater muscle pull on the bone during training, which the strain induced on the bone and muscle mass formation would increase. 9 Recent findings have confirmed the potential therapeutic effects of creatine supplementation and have unequivocally demonstrated that in the elderly, it improves the quality of life by increasing muscle strength and resistance to fatigue, improving performance in daily activities, and preventing bone loss. 6, [10] [11] [12] [13] [14] [15] [16] Similarly, resistance training has been known as one of the most important pillars in the management of disabilities and comorbidities associated with ageing, improving overall physical function, increasing muscle mass, and preventing bone loss. [17] [18] [19] [20] Thus, the aim of this study was to examine the efficacy of low-dose creatine supplementation associated with resistance training on lean mass, strength, and bone mass in the elderly.
To the best of our knowledge, this is the first study to evaluate creatine supplementation combined with resistance training on body composition, strength, bone mineral density (BMD), and bone mineral content (BMC) in the elderly, using a continuous low-dosage supplementation protocol for a period of 3 months.
Methods

Study design
A 12-week, double-blind, randomized, parallel-group, placebocontrolled trial was conducted between June 2014 and November 2014 in Goiânia, Goiás (Brazil). The participants were randomly assigned (1:1) to either one of the following groups: (i) placebo supplementation combined with resistance training (PL + RT; n = 14) or (ii) creatine supplementation combined with resistance training (CR + RT; n = 13). Both groups undertook a supervised exercise training programme for 12 weeks.
The participants were assessed at baseline (Pre) and after 12 weeks (Post). The primary outcomes were lean mass and strength measures, and the secondary outcomes included bone mass measures.
Participants
Participants were recruited via flyer advertisements put into their mailbox from a district near the campus of the Federal University of Goiás. Of the 42 participants who were recruited, 32 eligible healthy, nonathletic men and women, between 60 and 80 years, were randomized into two groups (PL + RT; CR + RT). The inclusion criteria were as follows: age 60-80 years, a non-vegetarian diet, not having consumed any ergogenic supplement for the previous 6 months before the start of the study, not having consumed any medication that could affect muscle growth or the ability to train intensely during the study (e.g. statins, muscle relaxants, and anti-inflammatory drugs), not be involved in the practice of systematized physical activity, not be involved in food restriction programs, not have any kidney, liver, and/or heart disease, and not having undergone any radioactive procedure in the last year.
The study was approved by the Human Research Ethics Committee of Federal University of Goiás (number 840.317). The participants were informed of the risks and purpose of the study before written consent was obtained. The study complied with the World Medical Association Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects. This trial was registered in ensaiosclinicos. gov.br (clinical trial RBR-7r7t52).
Creatine supplementation protocol and blinding procedure
The participants from CR + RT group received 5 g/day of creatine monohydrate (supplied by MEDNUTRITION INC., Brazil), and the participants from the PL + RT group were administered the same dose of maltodextrin (supplied by MEDNUTRITION INC., Brazil). Supplements were in the form of powder and presented in packages. Participants were asked to dissolve the supplements in one glass of liquid. The creatine dose of 5 g/day was selected to ensure the saturation of muscle compound. 21 In order to verify the purity of the creatine used, a sample was analysed by high-performance liquid chromatography and was determined to be 99.7% pure.
The supplement packages were coded so that neither the investigators nor the participants were aware of the contents until the completion of the intervention. The supplements were provided by a staff member of our research team who did not have any participation in the data acquisition, analyses, and interpretation. Participants were instructed to consume the supplement packages on non-training days immediately after lunch in order to increase the muscle creatine concentration. 22, 23 On training days, to achieve optimal muscle adaptation, the participants consumed it immediately after resistance training sessions dissolved in a beverage comprising 100 g of lemonflavoured maltodextrin prepared by our research team. 24 
Exercise training
The participants from the CR + RT and the PL + RT groups engaged in a 12-week supervised resistance training programme. Both groups trained under the same protocol. The exercise sessions occurred three times a week (on Mondays, Wednesdays, and Fridays, at the same time of day to avoid circadian variation, i.e. between 3 and 4 p.m.) and were monitored by fitness professionals. The duration of one training session for each participant was approximately 60 min and remained the same throughout the 12-week training programme. The resistance training programme was performed in a laboratory (Laboratory of Resistance Training, Faculty of Physical Education, Federal University of Goiás), comprised mono-articular and multi-articular exercises, and progressed with increased training volume in (weight × sets × repetitions) each session on an individual basis.
Before the 12-week resistance training programme, all participants underwent a week of familiarization training, when the dynamics and details of the exercises were explained, and the participants were required to perform two sets of 15 repetition maximal (RM) of the following exercises: leg press, free squat, bench press, lat-pull down, abdominal floor crunch, and calf raise.
In the next 12 weeks, each training session comprised (i) a warm-up phase characterized by 5-7 min of a light run on a stationary bicycle or 12 repetitions with 30% RM of the first exercise, (ii) a main phase characterized by resistance exercises for the major muscle groups (three sets of 13-15 RM with 60 s of rest between the sets and exercises for abdominal and lumbar regions and three sets of 10-13 RM with 60 s of rest between the sets and exercises for the other muscle groups), and (iii) a final phase characterized by stretching exercises for the major muscle groups. On alternate days, the participants underwent training either for the upper limbs and abdomen [bench press, lat-pull down, seated row, biceps curl, triceps extension (presses), shoulder press, and abdominal floor crunch exercises] or for the lower limbs and lumbar region [hip abduction, adduction, squat, hamstrings curl, quadriceps (knee) extension, ankle dorsi-flexion and plantar flexion, and back extension exercises], according to the American College of Sports Medicine suggestion. 25 
Food intake assessment
All participants were instructed by nutritionists to fill out a 3-day dietary intake record (including one weekend day) at baseline and after the 12-week training programme to calculate the total energy intake, macronutrients, and micronutrients. Dietary data from household measures were converted to gramme and millilitre to enable the chemical analysis of food consumption by the software NutriQuanti (São Paulo, Brazil). 26 All participants were instructed to maintain a habitual diet, water intake ad libitum, and avoid caffeinated products because earlier studies had demonstrated that caffeine could eliminate the effects of creatine. 27 
Muscle strength assessments
At baseline and after the 12-week resistance training programme, the participants underwent a 10-repetition maximal (10 RM) test. A recognized 10 RM testing protocol and exercise execution guidelines were followed, as previously documented. 28 10 RM tests were selected to avoid excessive cardiovascular stress. 29 The tests were conducted for the bench press and leg press exercises. Prior to the 10 RM test, two light warm-up sets of exercises comprised 15 repetitions so that the participants could get used to the technical movements of the exercises. Subsequently, the participants had two more attempts to achieve the 10 RM load, with a 3-5 min interval between attempts and exercises. Before the beginning of the test, participants were kept at rest while receiving guidance from the instructors, and verbal encouragement was provided during all 10 RM attempts.
Anthropometric assessment
At baseline and after 12 weeks of resistance training programme, the participants were weighed and measured. A recognized protocol was followed, as previously documented. 30 Weighing was performed on a digital scale, accurate to 0.1 kg, installed on a flat, firm, and smooth surface, and away from the wall. The measure of stature was held in a wall-fixed stadiometer with a graduation of 0.1 cm. The values were recorded immediately after the measures, without rounding off the values. All measurements were collected with the participants' bare feet and wearing light clothing.
Body composition and bone mass assessments
Body composition, BMD, and BMC were measured at baseline and after 12 weeks of intervention by dual energy X-ray absorptiometry (DXA), using a DPX NT densitometry equipment (General Electric Medical Systems Lunar, Madison, EUA). BMD was determined at the lumbar spine, right, and left femoral neck, both femur bones, and the whole body. BMC was determined for the whole body only. The coefficient of variation for the DXA tests of right femoral neck was 0.69%, left femoral neck was 0.67%, both femur bones was 0.55%, and lumbar spine was 1.66%.
Participants were scanned at the same time of the day (between 7 a.m. and 12 noon), while they were bare feet and wearing light clothing. The same operator performed all the measures and calibrations. The performance of the equipment was evaluated by calibration block on a daily basis and by spine phantom on a weekly basis. The coefficient of variation for the DXA tests of muscle and fat mass were 0.75% and 1.03%, respectively.
Diagnosis of sarcopenia
At baseline and after 12 weeks of resistance training, the participants were diagnosed with one of the three stages of sarcopenia (pre-sarcopenia, sarcopenia, and severe sarcopenia), as defined previously. 4 The diagnosis of pre-sarcopenia was confirmed when the skeletal muscle mass index (SMI), defined as the appendicular skeletal muscle mass/height The appendicular skeletal muscle mass was calculated as the sum of arms and legs lean soft-tissue mass, assumed as skeletal muscle mass of all non-fat and non-bone tissue. The same operator performed all these measures.
Adverse events and adherence to supplementation protocol
Adverse events and adherence to supplementation protocol were recorded throughout the trial and were checked each time the researcher had contact with the participants (three times a week for 12 weeks). Besides, participants were free to call or send messages and e-mails to the researcher at any time if they felt any discomfort during the intervention period.
Statistical analysis
The achieved power (1-β) of the analysis was calculated with the assistance of the G-Power® software (version 3.1.7). An effect size of 0.99 for the lean mass (one of the primary outcomes) was calculated by the difference between two independent means and was entered in the analysis with a Type I error probability of 0.05. The estimated achieved power was 80%.
Data distributions were evaluated by the Shapiro-Wilk W-test. Variables were converted into delta scores (i.e. postpre values). The statistical significance of the effects of the intervention was assessed by the Student's t-test or by the Mann-Whitney test, according to data distribution. Fisher's test was applied to assess the possible differences between groups in the proportion of participants who correctly guessed their supplements. All analyses were performed using Statistica for Windows software (version 10.0; Statsoft, Tulsa, OK, USA), considering a critical significance value of 5%. The sarcopenia incidence was reported descriptively, and all data are presented as mean ± standard deviation.
When there were significant correlations between values of nutrients and energy intake, the residual method was applied in order to describe the relationship between aspects of food intake and biochemical characteristics independent of energy intake. 34 
Results
Participants
The participant flow, along with losses and exclusions, is displayed in Figure 1 . A total of 42 participants were screened for participation, and 32 met the inclusion criteria. These individuals were randomly assigned into the PL + RT (n = 16) and CR + RT (n = 16) groups. Five participants withdrew because of personal reasons (n = 2 and n = 3 from the PL + RT and CR + RT groups, respectively). Therefore, 14 participants from the PL + RT group and 13 from CR + RT group completed the trial and were analysed.
Medications used by the participants during intervention was assessed: eight participants from PL + RT and five from CR + RT were using anti-hypertensive medications; three from PL + RT and two from CR + RT were using oral hypoglycemic medications; one of each group was using long-acting insulin; two from PL + RT and one from CR + RT were using thyroid medication; and one of each group was using hormone replacement therapy.
Baseline data are presented in Table 1 . There were no differences between groups for any baseline measurements (P > 0.05).
Assessment of blinding, adherence to the exercise programme and food intake
At the conclusion of the intervention, four (30.8%) of the CR + RT group participants and two (14.3%) of the PL + RT group participants correctly identified which supplement they had received. No significant differences between the groups were noticed (P = 0.286).
The adherence to the exercise programme was comparable between the groups (89.1 ± 10.3% and 92.9 ± 7.7% for the CR + RT and the PL + RT groups, respectively; P = 0.274).
Total energy, macronutrients, and calcium intake did not significantly differ between and intra groups (P > 0.05; Table 2 ).
Muscle strength assessments
There were no significant differences in 10 RM bench press and leg press changes between the groups (P > 0.05; Table 3 ). Both groups had a significant increase in the 10 RM test in bench press (CR + RT: +11.5 ± 5.0 kg; P < 0.0001 and PL + RT: +10.7 ± 6.2 kg; P < 0.0001, respectively) and leg press (CR + RT: +54.2 ± 46.8 kg; P < 0.0001 and PL + RT: +70.9 ± 33.4 kg; P < 0.0001, respectively) exercises.
Anthropometric assessment
CR + RT group had a significant increase in body mass after the intervention (+0.9 ± 1.2 kg; P = 0.014) intra group. (Table 3) did not significantly differ between the groups (P > 0.05).
Changes in body mass
Body composition and bone mass assessments
The CR + RT group had superior gains in lean mass than the PL + RT group (P = 0.02), displayed in Figure 2 . CR + RT group had a significant increase in SMI and muscle (+0.36 ± 0.23 kg/m 2 ; P < 0.0001 and +1.79 ± 1.29 kg; P < 0.0001, respectively), a significant decrease in android and gynoid fat (À1.02 ± 2.39%; P = 0.028 and À1.56 ± 2.37%; P = 0.035, respectively) and a tendency to decrease body fat (À1.22 ± 2.05%; P = 0.053) after the intervention. PL + RT only had a significant increase in SMI (0.21 ± 0.25 kg/m 2 ; P = 0.007) ( Table 3) .
Changes in BMD and BMC (Table 3) did not significantly differ between groups in any assessed sites. The CR + RT group had a tendency to increase whole body BMD (+0.01 ± 0.02 g/cm 2 ; P = 0.090) while PL + RT group had a significant increase in dual femur BMD (+0.01 ± 0.01 g/cm 2 ; P = 0.046) and a tendency to increase right femoral neck (+0.01 ± 0.01 g/cm 2 ; P = 0.068). Creatine and resistance training in the elderly
Diagnosis of sarcopenia
In the PL + RT group, three participants were classified as presarcopenic, none was classified as sarcopenic, and one was classified as severe sarcopenic. In the CR + RT group, three participants were also classified as pre-sarcopenic, one was classified as sarcopenic, and one was classified as severe sarcopenic. Data are expressed as mean ± standard deviation. No significant between-group differences were observed. BMC, bone mineral content; BMD, bone mineral density; CR + RT, creatine plus resistance training; PL + RT, placebo plus resistance training; SMI, skeletal muscle mass index; 10 RM, ten-repetition maximal. Data are expressed as mean ± standard deviation. No significant differences intra and between groups were observed. CR + RT, creatine plus resistance training; PL + RT, placebo plus resistance training. Data are expressed as mean ± standard deviation. BMC, bone mineral content; BMD, bone mineral density; CR + RT, creatine plus resistance training; PL + RT, placebo plus resistance training; SMI, skeletal muscle mass index; 10 RM, ten-repetition maximal.
Following the intervention, pre-sarcopenia incidence remained unchanged in the PL + RT group (n = 3) and decreased in the CR + RT group (n = 1). Sarcopenia incidence remained the same in both groups (PL + RT, n = 0; CR + RT, n = 1), while severe sarcopenia decreased in CR + RT (n = 0) and remained unchanged in the PL + RT group (n = 1).
Adverse events
There were no self-reported side effects induced by creatine supplementation. However, discomforts related to muscle damage induced by the execution of resistance exercise training, such as muscle pain, swelling of the limbs, and reduced range of motion, were reported by the participants in both groups.
Discussion
In the present study, we examined the efficacy of low-dose creatine supplementation associated with resistance training on lean mass, strength, and bone mass in the elderly. The main finding of this clinical trial indicated that creatine supplementation combined with resistance training increased lean mass in our elderly cohort in a greater magnitude than with isolated resistance training. The number of participants diagnosed with one of the three stages of sarcopenia at baseline decreased in the creatine supplemented group in comparison with the placebo group. To the best of our knowledge, this was the first study to evaluate creatine supplementation combined with resistance training on BMD and BMC in the elderly population, using a continuous low-dosage supplementation protocol (i.e. 5 g/day during 12 weeks).
The results of the current study indicate that, in the elderly of both sexes, a continuous low-dosage creatine supplementation protocol associated with resistance training is able not only to neutralize ageing-induced loss of lean mass but also to augment it (+1.8 kg), when compared with resistance training alone (+0.6 kg). The increase in lean mass following creatine supplementation has been demonstrated in some but not all previous studies, as shown recently by a meta-analysis 16 and a review. 15 Chrusch et al. 35 demonstrated significant increases in lean mass in older men (+3.3 kg) after 3 months of creatine supplementation (0.3 g/kg of body weight/day for the first 5 days and 0.07 g/kg of body weight/day until completion of the final test period) associated with resistance training, when compared with placebo. Thus, it is noticeable that both loading phase followed by maintenance phase and continuous low-dosage creatine supplementation are able to augment lean mass in the elderly after 3 months of intervention.
Although creatine supplementation was able to augment lean mass, this increase was not translated in an increase in muscle strength. Some studies has shown that maintenance, or gain of lean mass was not associated with increases in or maintenance of muscle strength in older adults, demonstrating that muscle strength is not entirely determined by muscle mass. [36] [37] [38] Goodpaster et al. 36 suggests that progressive muscle weakness in the elderly may be related to age-related neurological changes, the hormonal and metabolic milieu, pro-inflammatory cytokines, and fat infiltration. However, further studies are needed to better elucidate these relations. Furthermore, both CR + RT and PL + RT groups showed increased muscle strength, but it was effect of resistance training itself. Corroboratingwiththisfinding,studieshasdemonstrated that creatine supplementation alone was not able to improve muscle strength in healthy older adults. [39] [40] [41] [42] It is well-known that the mechanisms by which creatine improves muscle strength is by increasing muscle phosphocreatine stores, speeding its resynthesis, and decreasing recovery time, suggesting greater training volume. 43 Nonetheless, both CR + RT and PL + RTgroups trained under the same training protocol, without differences in the volume of training, making it unlikely to have different response from the supplement itself.
Both in younger 44 and older 45 individuals, creatine supplementation is able to increase intramuscular creatine and phosphorylcreatine content. However, Rawson et al. 45 demonstrated that these increases are smaller in the elderly than in young people. Thus, in the current study, to maximize muscle creatine retention, participants were instructed to consume the supplement immediately after lunch on nontraining days or immediately after resistance training sessions dissolved in a beverage comprising 100 g of maltodextrin on training days. As shown by the studies of Green et al. 22, 23 and concluded by a meta-analysis, 16 although creatine monohydrate is highly bioavailable, when large amounts of high glycemic index carbohydrate (approximately 95 g) are ingested with this amine, muscle retention is enhanced. It is speculated that this response is generated because of the increased plasma insulin concentration, which would stimulate the transport of creatine by its transporter (CreaT; Figure 2 Effects of resistance training combined or not with creatine supplementation on lean mass in the elderly. CR + RT = creatine + resistance training; PL + RT = placebo + resistance training. *P < 0.05. Data are expressed as delta score ± standard deviation. sodium-dependent) into muscle cells. Moreover, Robinson et al. 46 demonstrated that a submaximal exercise session is able to enhance the accumulation of creatine induced by supplementation and that this effect is restricted to the muscle groups exercised. The explanation comes from an increased blood flow induced by exercise in an exercised member, which generates most of creatine offered to the exercised muscle.
In addition, this amine did not generate statistically significant changes in BMC and BMD between the groups in any of the assessed sites. Until now, only a single study 43 has assessed BMD and BMC in different sites, using a continuous low-dosage creatine supplementation protocol associated with resistance training for 12 months wherein it was demonstrated that the femoral neck BMD was only preserved and did not increase in post-menopausal women. Collectively, these data led to conclude that creatine supplementation is unable to cause changes in BMC and BMD in the elderly or that supplementation protocol and/or intervention time was insufficient to ensure an increase in these variables.
Following the intervention, in our study, the number of participants diagnosed with one of the three stages of sarcopenia at baseline decreased in the creatine supplemented group in comparison with the placebo group (CR + RT, n = À3; PL + RT, n = 0). Devries and Phillips 16 conducted a meta-analysis to determine whether the addition of creatine to resistance training improved body composition, increased strength, and functional performance in older adults and concluded that these strategies together are able to attenuate sarcopenic changes in this group. The results of this study, although had no statistical significance, demonstrates the clinical relevance and the necessity for future studies addressing the same intervention on a population diagnosed with one of the three stages of sarcopenia.
Although, in our study, we were unable to detect significant changes in body mass, body fat, android and gynoid fat, SMI, strength, BMC, and BMD between groups, intragroup analyses showed significant differences in the CR + RT group. There was a significant increase in body mass, SMI, and strength and a significant decrease in android and gynoid fat after the intervention. Furthermore, the group had a tendency to decrease body fat. Possible explanations may involve the limitations of this trial, which includes the absence of a control group, low sample size, and lack of muscle creatine and phosphorylcreatine content measurement. Existing literature has already demonstrated that creatine supplementation in older and younger individuals can increase muscle creatine and phosphorylcreatine content. 7, 44 However, Rawson 45 demonstrated that these increases are smaller in the elderly than in young people. Thus, future studies must assess this information to make sure muscle creatine and phosphorylcreatine content significantly increased in the elderly.
In summary, 12 weeks of a low-dosage creatine supplementation associated with resistance training resulted in an increase on lean mass in the elderly. Future long-term research should investigate the effects of these interventions in sarcopenic elderly.
